The degree of competition between fisheries and marine mammals in the Pacific Ocean was estimated for 7 statistical areas defined by the Food and Agriculture Organization of the United Nations (FAO). Catch statistics compiled from FAO sources show that the amount of fish caught in the Pacific Ocean rose from 2 million tons in the late-1940s to over 50 million tons in the early-1990s. Recent stagnation and declines occurring in some areas of the Pacific suggest that Pacific fisheries cannot continue to expand as they had previously.
Introduction
The Pacific Ocean ranges from the high Arctic in the north to the Antarctic continent in the south, and is the largest of the world's oceans with a surface area of nearly 180 million km*. It is rather homogeneous biogeographically, consisting largely of a central plate with a distinct and diverse load of co-evolved organisms and ecosystems. Eightyfour species of whales, dolphins, porpoises, seals and sea lions, totally over 20 million individuals, inhabit the Pacific Ocean -while over a billion people line its rim and draw upon its resources.
This study briefly explores the use and development of fishery resources in the Pacific Rim, and their relationship to marine mammals of the Pacific. The objective is to compare the fisheries catches of the early-1990s to the amount of food consumed by marine mammals, and to estimate the fraction of the primary production required to sustain the food web upon which the fisheries and the marine (1) where Ni,s is the number of individuals (all age classes) by sex s of species i in the Pacific Ocean; W,,, is the mean individual weight by sex and species; and R+ is the daily ration for an individual of weight w.,,.
Estimates of total population sizes (N,,,) and their distribution within the seven FAO areas are documented in Table 2 . The proportion of marine mammals residing within the Pacific were estimated from distribution maps drawn by Reijnders et al. (1993) and Jefferson et al. (1993) . Population estimates were largely drawn from Northridge (1984) , Reijnders et uZ. (1993) and Jefferson et al. (1993) and appear to be reasonably accurate for pinnipeds, the great whales and some species of dolphins, but represent little more than educated 'order-of-magnitude' guesses for mid-sized cetaceans such as the beaked whales. When presented with 'order-of-magnitude' estimates (e.g. '00 OOOs), we conservatively chose a value that corresponds roughly to the geometric mean (i.e. 300 000) from the range of possible values (i.e. 100 000 to I 000 000). We assumed the proportion of fema!es in the total population to be 0.5 for all species, except for sea lions and fur seals, for which a value of 0.6 was used .
Sex specific mean weights (q,,) for 13 species of pinnipeds and 17 species of cetaceans were calculated from the product of average weight-at-age (determined from published growth curves) and the relative numbers alive (predicted from life history tables scaled by longevity, as described in Barlow and Boveng, 1991) . This resulted in biomass-at-age curves . Individual weights below which 50% of the cumulative biomass occurred were defined as W, s. Mean weights of species with unknown growth curves were estimated from measures of maximum body length (Li ,) according to the relation
The functional relationship was derived for species i and sex s with known growth curves, and was estimated separately for pinnipeds and cetaceans ).
An individual's daily consumption or ration (kg per day) was estimated for each species using
where W,,, is the mean body weight in kg, 0.8 is from Equation 23 in Innes et al. (1987) , and 0.1 is a downward adjusted value (from 0.123 in Innes et al. 1987) to account for the difference between ingestion for growth and ingestion for maintenance. Estimates of daily ration from Equation 3 range from 1.1% of body weight per day in a 50 000 kg baleen whale (i.e. 574 kg per day), to 4.5% of body weight per day in a small 50 kg dolphin (2.3 kg per day), and are compatible with present knowledge of the biology of large and small marine mammals (Bonner 1989) .
The composition of the diet for each of the 84 species of marine mammals was derived from published accounts of stomach contents, as well as from morphological, behavioural and other information (Klinowska, 1991; Pauly et al., 1997) . Diet composition was grouped by 8 types of food: benthic invertebrates, large zooplankton, small squids, large squids, small pelagic fishes, mesopelagic fishes, miscellaneous fishes and higher vertebrates (Table 3) . (Peters 1983 ) allows direct comparisons of surface and shelve areas (shaded) from which the overwhelming bulk of the fisheries catches originate.
Primary production
a global analysis by Longhurst et al. (1995) , who The total amount of primary production in each divided the world's oceans into 56 'provinces', and of the seven FAO Pacific regions was derived from estimated primary production for each from satellite Northridge (1984) , Reijnders et al. (1993) and Jefferson et al. (1993) . Order of magnitude estimates are indicated by an apostrophe (e.g. '000). Northridge (1984) , Reijnders et al. (1993) and Jefferson et al. (1993) . Order of magnitude estimates are indicated by an apostrophe (e.g. '000). (Table 1) .
Species
The primary production required to produce the fish caught by commercial fisheries was calculated, based on the 10% transfer efficiency between trophic levels estimated in Pauly and Christensen (1995) , fram 14 PC= c cg lo'LR-" g=I where Cg is the catch and L, is the trophic level of 'commodity' group g. Trophic levels were adapted from the 48 ECOPATH ecosystem models documented in Pauly and Christensen (1995;  see also Christensen and Pauly, 1992a,b; 1993; and Pauly and Christensen, 1993) . Trophic levels were calculated for each group from the mean trophic level of its prey (weighted by consumption) plus 1, starting equal to unity. This is illustrated by the trophic repfrom primary producers (mainly planktonic algae) resentation of FAO Area 77 in Fig. 2 (see Appenand detritus, both with a definitional trophic level dix 1 for details). Transfer efficiencies between 
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Trophic model representing the pelagic ecosystem in FAO Area 77 (see Appendix 1 for details). The lines entering the lower half of the boxes indicate consumption flows. Production exits through the upper half of the boxes. Respiration and backflows to the detritius are not shown. Note the difference between those parts and pathways of the system leading to the fisheries, and those leading to the marine mammals.
trophic levels tend to have a mean value of 0.10 in aquatic ecosystems ( Fig. 3 ; Pauly and Christensen, 1995) .
The amount of primary production (Pi) required to produce the prey consumed by marine mammals was estimated from
where Qi is the total amount of prey caught in kg by species i (Equation l), di,g is the proportion of their total diet consisting of prey group g, and L i,g is the trophic level of the prey group. Diets of the 84 Pacific species of marine mammals were taken from published reports of food and feeding habits, and re-expressed in terms of the 8 prey groups defined in Table 3 (details in Pauly et al., 1997). The few species (mainly Mesoplodon spp.) for which diet composition were not available were assumed to have the same feeding habits as their conspecifits. Trophic levels of marine mammals (see above) were calculated from the trophic level of their prey (in Table 3 ) and ranged from 4.6 in killer whales to 3.2 in right, blue, fin and bowhead whales (Pauly el al., 1997).
Campetltlon , :
'.. ,. ; '. plankton Fig. 3 . Schematic representation of 'food web competition', proposed to explain how some groups of top predators, such as marine mammals, may be affected by fisheries even when the prey and catch species do not overlap. Food web competition occurs at the base of the food pyramids, and involves the primary production required to sustain these pyramids.
Resource overlap
The degree of resource overlap between fisheries and the major groups of marine mammals in each of the seven Pacific FAO areas were calculated using a niche-overlap index modified from MacArthur and Levins (1967) of the form (6) k where ai,; (ranging from 0 to 1) expresses how species and/or fisheries i and j share the resource k, and pi, k and pj,k express the proportions that each of the k resources contributes to the diets or catches (i.e. the amount of primary production required to sustain fisheries -Equation 4, or marine mammals -Equation 5, divided by total available primary production).
The analysis was simplified by aggregating the marine mammals into five groups: baleen whales, beaked whales, dolphins and porpoises, pinnipeds, and all 84 Pacific species of marine mammals combined.
Results and Discussion

Catch
The amount of fish caught in the Pacific Ocean rose from 2 million tons in 1948 to over 50 million tons in 1992 (Fig. 1) . About 50% of the total Pacific catch has traditionally come from the mixed stock fisheries off the coasts of Russia, China and Japan (FAO Area 61). Major fisheries have also occurred in Areas 87 (South America) and 7 1 (Philippines). South American fisheries primarily targeted anchoveta (Engraulis ringens) until their collapse in 1972, and shifted thereafter toward sardines (Sardinops sagax) and horse mackerel (Trachurus murphyi). Elsewhere in the Pacific, catches have been relatively small, and dominated by groundfish in the Gulf of Alaska and Bering Sea, and tuna in the Central Pacific (Fig 1) .
Levels of by-catch differed among areas (Alverson et al., 1994) , ranging from a low of 18% of total catch off South America (Area 87) to a high of 50% in the Central Pacific off the coast of North America (Area 77). Overall, by-catch averaged 34% of the total 1992 Pacific catch (Table 1) .
Catches have declined in some areas of the Pacific and may have peaked in others (Fig. 1) . Declining catches in Areas 61 and 77 may be due to overfishing, decreasing fishing effort, or both. Unfortunately, it is difficult to draw firm conclusions when no reliable estimates exist of the level of fleet sizes and effort in the Pacific as a whole. It appears however that the Pacific fisheries cannot continue to expand as they have previously.
Consumption
Pacific marine mammals, with a total biomass of approximately 25 million tons (over half of which were sperm whales), were estimated to consume about 150 million tons of food per year (Table  3) , i.e. about three times the nominal catch. Over half of the total biomass can be attributed to sperm whales. The most important prey items for the Pacific as a whole were squids (26 and 41 million tons for small and large squids, respectively) and mesopelagic fishes (25 million tons). Intermediate amounts of miscellaneous fishes (19 million tons) and small pelagics (17 million tons) were consumed, while benthic invertebrates contributed 3-4 millions tons, and higher vertebrates (marine mammals and birds, mainly penguins) only 0.7 million tons.
Primary production
The primary production required to sustain marine mammals in each of the FAO Areas varied within a very narrow range of 20 to 30 g C per m* per year (Fig. 4) . This consistency between areas suggests that marine mammals may be fully exploiting their marine environments, which may reflect a long evolutionary history that has seen marine mammals adapt their morphology and respiratory physiology to fully exploit the available feeding niches (e.g. in the deep-scattering-layer). Levels of primary production required to sustain fisheries varies much more between the different areas of the Pacific, depending upon the level of fishing effort and the type of resource exploited (Fig. 4) .
Resource competition
Commercial fisheries target only 35% of the prey items sought by marine mammals (Fig. 5 ) -a figure far less than might be expected considering the frequent complaints about marine mammals by some fishers. Over 65% of the prey consumed by marine mammals are, as a whole, not of current commercial interest. The greatest overlap with fisheries for all areas of the Pacific combined occurs with pinnipeds (60%) and dolphins and porpoises (50%). The least overlap is with baleen whales and beaked whales (Fig. 5 ).
Specialized feeding habits further imply that the observed dietary overlap between the prey items of marine mammals and the 'prey' of the fisheries is less than expected. For example, most of the squids and fish which make up such a substantial part of the marine mammal diet are deep-water species not fit for human consumption, nor indeed catchable in commercial quantities using current fishing gear. Similarly, the small fish which make up the mesopelagic community consumed by marine mammals in oceanic areas contain high levels of wax esters (i.e. alkoxydigliceridae) that renders them unfit for human consumption even if their size, appearance and consistency allowed for such (see Gjosaeter and Kawaguchi, 1980) . The most significant consumer of fish and competitor of commercial fisheries is probably other predatory fish, and not marine mammals. For example, the documented biomass fluxes in the ecosystem model (Fig. 2, Table 4 , and Appendix 1) imply that the amount of fish consumed by fish in the Eastern Central Pacific (Table 5) is an order of magnitude higher than the amount consumed by the marine mammals (Christensen, 1996) . Thus fish predation should be of greater concern to the fisheries than predation by marine mammals.
Although direct competition between fisheries and marine mammals for prey appears rather limited, indirect competition might occur for the primary production which sustains each of them. As shown in Fig. 3 there is potential overlap of the trophic flows supof primary production required to sustain fisheries porting a given group (such as marine mammals) and marine mammals suggests that the primary prowith the trophic flows supporting another group duction available to marine mammals may decline (such as fisheries). The relationship between the as catches increase (Fig. 6) . This raises the possisize of fishery catches (Table 1 ) and the amounts bility that Pacific fisheries in some FAO areas may Fig. 6 . Primary production requirements relative to fishery catches. Primary production required by the marine mammals of the Pacific ocean is low where fisheries catches (and hence the primary production required by the fisheries) is high. This may indicate food web competition as defined in Fig. 3 .
have entered into 'food web competition' with marine mammals.
Management and research implications
Catches by the Russian Federation, both in the Pacific and elsewhere, have decreased since the breakdown of the USSR, which along with the world-wide introduction of 200 nautical mile exclusive economic zones caused the demise of the subsidized, long-distance Soviet fishery. However, the best global estimates show that the fishing fleets elsewhere have more than compensated for this decrease (FAO, 1995) . While proofs are lacking in the Pacific, the trend is clear: the excessive build up, and overcapitalization in the fishing fleets leads unavoidably to overfishing, and potentially threatens marine mammals with food web competition.
We wish to stress that our results are tentative and will be refined as better estimates of diets, abundance and biomass become available. As a whole, our study implies an uncertain future for fisheries and marine mammals in the Pacific Ocean, and will need further investigation and testing by extension to the Atlantic and Indian Oceans. It is clear, however, that the Pacific fisheries cannot continue to expand as they have previously.
APPENDIX 1. Construction of a model of trophic interaction in FAO Area 77 (Eastern Central Pacific).
To illustrate the method for construction of balanced trophic flow models, an ecosystem model was constructed for the Eastern Central Pacific (FAO area 77) using the Ecopath software (Christensen and Pauly, 1992a, b) . The model was based on published information, supplemented by various approximations. A number of the estimates used are discussed by Pauly and Christensen (1993) . The description below assumes a basic knowledge of the structure of Ecopath, and of the parameters required.
Catches are based on the FAO statistics for Area 77 in 1992 (FAO, 1994) . The model included a total of 12 living groups, plus a detritus group:
